An explicit dynamic finite element model is used to analyze the tribological behavior of the cross-wedge rolling (CWR) of tubular structures. Cross-wedge rolling is a manufacturing process used to form axisymmetric parts by the relative motion of two opposing hardened dies. To date, the CWR process has been used to form only solid parts. In the present investigation, results are presented for the counteraction of flat dies that are used to deform tubular structures. By combining, numerical and experimental evidence, a critical forming parameter is developed which predicts the critical rolling conditions for the CWR forming of tubular structures. This parameter combines the effects of friction, wall thickness to radius reduction, and tube hardness.
INTRODUCTION
An innovative metal forming technique, Cross Wedge Rolling (CWR), has obtained overwhelming popularity in several foreign countries for making stepped rotational products. CWR is a metal processing technology in which a heated cylindrical billet is plastically deformed into an axisymmetrical part by the action of wedge shape dies moving tangentially relative to a workpiece. Manufacturing hollow products (i.e. transmission shafts) with the CWR process is a great opportunity as well as an exciting challenge to stride towards high productivity, high cost-saving, high material utilization and high product quality. Despite the potential benefits of utilizing the CWR process for the manufacture of stepped, hollow power transmission shafts, little work has been done to thoroughly develop manufacturing guidelines for this type of metal forming. Lovell and Li [1] [2] [3] , however, have completed an extensive study of the CWR process in rolling of solid shafts for flat, and cylindrically shaped dies. In order to efficiently develop and establish such manufacturing design information, the primary goal of the present manuscript is to utilize experimental and explicit finite element techniques to investigate various levels of interface friction, wall thickness, radius reduction and billet hardness. With such data, a critical forming parameter for the CWR process applied to forming tubes is developed. Figure 1 illustrates the cross wedge rolling of a stepped shaft using a pair of flat wedge tools. As shown in this figure, two identical wedge-shaped forming dies move tangentially to one another and plastically deform a cylindrical workpiece in the CWR process. In this process there are four stages, or zones, in the workpiece deformation process corresponding to four zones of the wedged tool geometry. These are the knifing, guiding, stretching, and sizing zones. Due to the changes in tool geometry, the workpiece plastic deformation mechanisms are significantly different in each zone of the wedge shaped tool. The function of the knifing zone is to drive the cylindrical billet and plastically deform a V-shaped slot into its circumference. The angle of this V-shaped slot is controlled by the forming angle of the tool, α. In the guiding zone, the die's cross-section does not change as the tool enlarges the slot obtained in the knifing zone into a uniform V-shaped groove around the workpiece circumference. The stretching zone is the most critical section of the tool because it is in this region that the most substantial workpiece plastic deformation takes place. Within the stretching zone, the workpiece material is stretched and forced to flow to the ends so that the shoulders of the shaft can be created. The amount of elongation and plastic deformation in the stretching zone is controlled by the stretching angle, β. In the final region of the tool, the sizing zone, a small amount of plastic deformation occurs as the dimensional tolerance and surface quality of the product is finely tuned. The CWR process is so highly automatic that the feeding, rolling and cutting end of the billet can be accomplished in a single pass. 
CWR PROCESS BACKGROUND

FINITE ELEMENT MODEL
To enable the efficient and thorough evaluation of varying the critical forming parameters, the development of a reliable and accurate finite element model was utilized. For this purpose, an explicit dynamic finite element model was created in this work for simulating the CWR process. Specifically ANSYS/LS-DYNA was utilized to create, execute and process the simulated results. The geometric configuration of the FE model was chosen to simulate the specifications outlined in the experimental section of this paper. The FE model was composed of entirely 3D solid elements. Tetrahedral elements were utilized to model the rigid forming dies, whereas, eightnoded, constant stress, brick elements were implemented to model the complex deformation process in the cylindrical billet. A surface-to-surface contact algorithm controlled contact in the model. Interface friction was modeled with a Coulomb based formulation; the coefficient was uniformly applied across the interface. The constitutive model used for the billet material was a strain piecewise-linear plasticity model, which had an initial Young's modulus E=69 GPa, a density ρ=2.77x10 6 kg/mm 3 , and a Poisson's Ratio υ=0.33. This model is characterized by an effective stress-plastic strain curve enables the yield surface to be accurately predicted.
DISCUSSION OF RESULTS
The results for the explicit finite element model were generated for four area reductions (10, 15, 20, and 25%) at two different value of interface friction -one above and one below a predicted critical rolling friction value [1] :
where Δr and r o represent the change-in and original outer billet radius respectively. Values of friction slightly above and below the critical definition were chosen for the various levels of area reduction studied to determine the validity of the critical friction prediction, µ. Table 2 shows that the values of the friction coefficient above and below the critical prediction have a tendency to excessively slip at some point during the CWR process. The area reduction ratio of 10% finds that slipping of the billet occurs in the same zone during the forming process. A third value of friction coefficient 0.47 was simulated for all area reduction cases and results similar to the experimental performance (see Table 1 ) were obtained. Such evidence suggests that there may be factors not captured by the critical friction coefficient that are physically present. Two such factors are related to the geometry and velocity of the counter moving dies.
